Abstract Hybrid speciation is increasingly recognized as a mechanism for novel evolutionary trajectories. However, we know very little about the ecology of a contact zone that has arisen in sympatry. This study examines the foraging behavior and fitness of two species of Darwin's tree finches (Camarhynchus parvulus, C. pauper) and hybrid offspring on Floreana Island. Previous study showed that the percentage of hybrids in the tree finch population increased from 19% in 2005 to 41% in 2010, and their body and beak size increased by ~5% (parental phenotype did not change). In 2005-2006, all three tree finch groups (two parental species and hybrid birds) used the same foraging substrate, technique, and height. By 2010-2013, the small tree finch C. parvulus had changed its foraging technique and the medium tree finch C. pauper had changed its foraging height. Both parental species had higher body condition when foraging at (divergent) mean foraging heights per species but hybrid birds did not. We discuss the implications of conserving forest to facilitate vertical niche expansion and the role of hybridization for genetic persistence [Current Zoology 61 (1): [181][182][183][184][185][186][187][188][189][190] 2015].
The 14 species of Darwin's finches on the Galapagos Islands are a textbook example of adaptive radiation that have provided compelling evidence for both the magnitude and direction of selection in rapidly changing environments (Grant and Grant, 2014a; Grant and Grant, 2002; Grant and Grant, 2008) . Other well-known examples of adaptive radiations that have produced morphologically distinct descendent species include the ~150 species of Anoles lizards in the Caribbean (Losos, 2009) , ~250 species of cichlid fishes in Lake Tanganyika, Tanzania (Burress, 2014; Takahashi and Koblmüller, 2011) , and ~52 species of Hawaiian Honeycreepers (Pratt, 2005) . While these case studies have greatly increased our understanding of the processes underpinning divergence and speciation, the ecology at the time of the divergence has rarely been observed directly. Therefore, there is little direct information about the ecological context of hybridization events that occurred in the distant past.
Ecological speciation "involves the generation of reproductive isolation between populations as a result of ecologically based divergent selection pressures" (Price, 2008) . When phenotypes adapt to local niches in heterogeneous environments, ecological divergence and speciation are favored (Schluter, 2000) . The biological species concept defines species as populations with little or no gene flow as the result of reproductive barriers (Price, 2008) . Hybridization occurs because the reproductive barrier between two species becomes porous or breaks down altogether (Mallet, 2005) . Since hybridization may cause species to collapse into a single swarm, it can lead to reduced species richness and "reverse speciation" (Grant and Grant, 2014b; Seehausen, 2006; Seehausen et al., 2008; Taylor et al., 2006) . On the other hand, hybridization may be a valuable source of genetic introgression that increases variance and gives rise to novel favorable genetic combinations (Barton, 2001; Burke and Arnold, 2001; Grant and Grant, 1992, 1994; Grant et al., 1996) . Viewed in this light, hybridization can be the start of a new evolutionary lineage (Grant and Grant, 2014c) .
Many extant species are the result of hybrid speciation that occurred thousands or millions of years ago (Johnston, 1969; Mallet, 2007; Price, 2008; Weir and Schluter, 2004) . The ecology of previous hybridization events is largely unknown, but range expansion and contraction of parental and hybrid lineages are often invoked to explain current distribution patterns of species of hybrid origin. There are at least 200 known hybrid zones, but there is no compelling evidence for a contact zone that has arisen in sympatry (Price, 2008) . It is not known if hybrid offspring use different resources compared with the parental species at the time of genesis, and whether the subsequent genetic and morphological divergence of the novel hybrid genotype can occur in situ. The study of Darwin's tree finches (Camarhynchus spp.) on Floreana Island offers a rare opportunity to witness contemporary hybridization and to test for ecological niche divergence in the contact zone in situ.
From 2005 to 2010, Darwin's tree finches on Floreana Island increased the proportion of hybrids from 19% to 41% (Kleindorfer et al., 2014a) . During that same time period, hybrid body size increased by 5% while body size in both parental species remained similar (Kleindorfer et al., 2014a) . Given the increase in relative abundance of hybrids and their body size, we ask if hybrid and parental tree finches occupy novel ecological space in sympatry. We compare foraging behavior (substrate, technique), foraging height, and fitness surrogates (body condition, time to successfully feed) to answer three questions. (1) Do hybrids and parental species occupy different foraging niches? (2) How have the foraging parameters changed over time comparing 2005-2006 and 2010-2013? (3) Is there evidence for fitness costs (lower body condition, longer time to success) related to foraging behavior in parental species versus hybrid individuals?
Darwin's finches feed on a variety of foods depending on the species; the finches are renowned for having morphological adaptations that enhance fitness for processing different dietary items (Grant, 1986) . Darwin's tree finches are insectivorous, but their diet includes vegetable matter (Tebbich et al., 2004, Christensen and ). Diet composition is further affected by rainfall because this influences food availability (Tebbich et al., 2004; De Leon et al., 2014) . In a comparative study of foraging behavior in arboreal Darwin's finches on Santa Cruz Island, Tebbich et al. (2004) found evidence for different foraging technique and substrate use among four Darwin's finch species including small tree finch C. parvulus and large tree finch C. psittacula. Therefore, we predict that small tree finch and medium tree finch C. pauper on Floreana Island will differ in foraging technique and substrate.
Materials and Methods

Study Location
This study was carried out on Floreana Island in 2005, 2006, 2010, 2012, and 2013 . Different fieldwork activities were done during the months January to March, which coincides with the onset of peak breeding activity in Darwin's finches. Birds were mist-netted and observed in the Scalesia forest at the base of Cerro Pajas volcano (1°17′S, 90°27′W, elevation 250-350 m) (O'Connor et al., 2010a All guidebooks refer to three Darwin's tree finch species on Floreana Island: small tree finch, medium tree finch, and large tree finch (C. parvulus, C. pauper and C. psittacula, respectively). But a recent study by Kleindorfer et al. (2014a) found only two genetic groups and one hybrid cluster of tree finches on Floreana Island. The hybrid offspring were the result of pairings between females of the critically endangered medium tree finch and males of the common small tree finch (Kleindorfer et al., 2014a) . At present we do not know whether hybridization extends beyond the F1 generation. Some level of introgression with the small tree finches is inferred due to ~15% higher genetic diversity compared to medium tree finches (Kleindorfer et al., 2014a) . Unpublished data show that hybrid birds are fertile and offspring are viable, but more genetic analyses are required to gain insights into introgression patterns. The generation time for Darwin's finches is usually 1 year, but following extreme rainfall periods shorter generation times have been observed (Grant, 1986) .
In this study we refer to the two parental populations (small tree finch, medium tree finch) and the hybrid birds. Hybrid birds increased in body size from 2005 to 2010 and were of intermediate body size between the parental species (Table 1) (Kleindorfer et al., 2014a) . In the statistical analyses, the variable to denote the three groups is referred to as "genetic population".
Tree finch genetic assignment and morphology
We mist-netted, color-banded and measured 47 small The hybrid birds significantly increased in body size while the parental species had comparable body size across study periods, with the exception of bill depth in small tree finch. The P-values of independent t-tests are shown as *P-value < 0.05; ** P-value<0.01; ***P-value <0.001.
tree finches, 61 hybrid finches, and 48 medium tree finches (Table 1) . We collected a blood sample for genetic analysis using microsatellite markers and assigned all birds to their respective genetic populations (for details see Kleindorfer et al., 2014a) . Given the difficulty of assessing a Floreana tree finch using morphology, we only included color-banded birds with genetic assignment in this study. All foraging observations were done on color-banded and genetically assigned birds. Using calipers, we measured the following morphological traits per bird: (1) bill length nostril (mm), (2) bill depth (mm), (3) tarsus length (mm) and (4) wing length (mm). Body condition was calculated as the unstandardized residuals of mass against tarsus length (Brown 1996) . Since the mass of eggs significantly alters the body mass of female finches, we only calculated body condition for male birds. 1.4 Foraging behavior, height, and time to foraging success Foraging behavior was recorded for 156 colorbanded birds observed during two weeks in February (2005, 2006, 2010, 2012, 2013) . SK collected all data on foraging behavior and foraging height by walking a 1 km transect from 7-9 am and scoring every color-banded bird observed to forage. There were four different transects (one per study plot), each transect was traversed once per day across four days and repeated once (8 days sampling). Most observations were made at close range (< 8 m) due to the generally tame character of the finches. To avoid pseudo replication in the data, only the first foraging observation per bird was included for analysis Myers et al., 2010) . Table 2 lists the definitions for foraging substrate and technique used in this study. For analysis, we combined the foraging techniques "pick/glean" and "chip/pry". Additionally, SK visually estimated the height (m) at which the individual was foraging, and measured the time taken to successfully obtain a food item [time to success (s)] using a stop-watch from the moment a bird was first observed until it consumed a food item. The data collection was similar to methods described in Christensen and Kleindorfer (2009) not explicitly analyze the effects of rainfall on foraging behavior, it is an important factor for resource abundance, especially in Darwin's finches. For this reason, we had a short timeframe for foraging data collection, to control for rainfall and resource distribution and to be able to compare foraging in the three genetic populations at the same time of year.
Statistical analysis
We used Chi-square tests to compare foraging technique and substrate use across genetic population and year. We used analysis of variance to test for differences in foraging height, time to success and body condition across genetic population and year, and multivariate analysis of variance to test if foraging height and foraging time to success differed in relation to genetic population and foraging technique. Once we had identified that foraging height differed across tree finch groups, we wanted to test if birds had lower body condition above and below their mean foraging height. Visual inspection of the pattern between foraging height and body condition showed a curvilinear relationship between the two variables. Therefore, we used quadratic regression within each genetic population to test if body condition was higher at a certain foraging height and lower for other foraging heights. All statistical analyses were performed using IBM® SPSS® Statistics Version 22. Table 1 presents the morphological data for male birds with known genetic assignment for the years 2005 and 2010. Hybrid birds became significantly larger within the 5 year study period, while small and medium tree finches did not change significantly in morphology.
Results
Morphological data
Comparison of foraging between tree finch groups
Combining the data across all years, the three tree finch groups did not differ significantly in foraging technique (χ 2 = 7.279, df = 6, n = 157, P = 0.296) (Table 3), foraging substrate (χ 2 = 9.461, df = 8, n = 157, P = 0.305) ( Table 3) or foraging "time to success" (ANOVA: F 2,153 =1.338, P = 0.265) (Table 4 ). However, they differed significantly in foraging height (ANOVA: F 2,154 =4.705, P = 0.010) ( Table 4 , Fig. 1 ). pling period in the small tree finch (Likelihood Ratio: χ 2 = 11.08, df = 3, n = 38, P = 0.011) but not the medium tree finch (Likelihood Ratio: χ 2 = 7.581, df = 3, n = 33, P = 0.056) or hybrid birds (Likelihood Ratio: χ 2 = 0.174, df = 3, n = 86, P = 0.98), (Table 3) . Comparing 2010-13 with 2005-06, small tree finches used the foraging technique "pick/glean" more often (Fisher's exact test < 0.010) and "probe" less often (Fisher's exact test < 0.011). Foraging time to success did not differ significantly across year or tree finch group (ANOVA, all P > 0.3). But time to success differed significantly in relation to foraging technique (F 3,154 = 54.447, P < 0.001) (see also Table 4 ). Therefore, to test if the three tree finch groups differed significantly in foraging efficiency, we compared time to success per foraging technique. Correcting for year, only "pick/glean" differed significantly across tree finch groups (ANOVA: F 2,76 = 3.583, P = 0.033), and was fastest in medium tree finch (2.9 ± 0.3 sec) compared with small tree finch (3.5 ± 0.6 sec) or hybrid birds (3.6 ± 0.5 sec). Foraging time to success was longest for birds using the foraging technique "chip/ pry" (14-26 sec) (Table 5) .
Substrate use per genetic population did not differ significantly across study periods. We found the same pattern of substrate use across the decade in small tree finches (Likelihood Ratio: χ 2 = 5.73, df = 4, n = 38, P = 0.220), hybrid birds (Likelihood Ratio: χ 2 = 4.85, df = 4, n = 86, P = 0.303), and medium tree finches (Likelihood Ratio: χ 2 = 5.69, df = 4, n = 33, P = 0.223) ( Table  3) .
Foraging height showed different patterns across study years comparing 2005-2006 and 2010-2013 (Fig.  1) . There was no significant change in foraging height across years in small tree finch or hybrid birds (ANOVA: small tree finch: F 1,36 =0.00, P = 0.993; hybrid: F 1,84 = 0.273, P = 0.603) but the medium tree finch foraged higher in the canopy in 2010-13 compared with 2005-2006 (F 1,31 =4.715, P = 0.038).
Body condition and foraging height
Body condition differed significantly between tree finch groups (ANOVA: F 2,207 = 7.377, P < 0.001) but not year (F 1,207 = 0.147, P = 0.702). The interaction term genetic population × year was not significant (P > 0.8). Medium tree finches had higher body condition than small tree finch or hybrid birds (Table 1) .
We compared body condition and foraging height of individual birds observed to forage in 2010-2013 (sample size was too small for [2005] [2006] (Fig. 2) . The quadratic regression was significant for medium tree fin- (17) 26.0 ± 11.4 (4) 0.384 0.687 Probe 6.5 ± 1.3 (7) 4.9 ± 1.6 (12) 3.7 ± 0.6 (6) 0.203 0.818
The data are shown as mean ± SE (n). The F and P-values are shown for ANOVA tests per foraging technique with time to success as the dependent variable and genetic population as the fixed factor.
ches (R 2 = 0.490, P = 0.009) and small tree finches (R 2 = 0.411, P = 0.009) but not hybrid birds (R 2 = 0.027, P = 0.537). The peak body condition occurred at the mean foraging height in each parental species, with no discernible pattern between body condition and foraging height in the hybrid birds (Fig. 2) .
Discussion
Given the recent contemporary hybridization, Darwin's tree finches on Floreana Island provide a timely opportunity to test for changes in sympatric foraging niche in hybrid birds and parental species. The percentage of hybrid birds increased from 19% in 2005 to 41% in 2010 and they became ~5% larger in body size (Kleindorfer et al., 2014a, Table 1 ). In this study, we compared foraging behavior during 2005-2006 and 2010-2013 . Across these study periods, both parental species changed their foraging niche while the hybrid birds did not. In 2005-2006, all three tree finch groups (two parental species and hybrid birds) used the same foraging substrate, technique, and height. By 2010-2013, the small tree finch had changed its foraging technique and the medium tree finch had changed its foraging height. Both parental species had higher body condition when foraging at (divergent) mean foraging heights per species but hybrid birds did not have higher body condition at any foraging height. Because of morphological overlap between the two parental species and hybrid birds, we restricted our analyses to birds with known population genetic assignment (Kleindorfer et al., 2014a) . This decision limited our sample size and lowered the power of our analyses, but provided high confidence data. The rare opportunity to observe changes in ecological niche occupation at the time of increasing hybridization is the justification for our decision to proceed with data analysis using the smaller sample size. Aware of the limitations of small sample size, our findings suggest that different selection pressures could be operating along (possible) adaptive fitness peaks in a vertical niche distribution.
Variation in resource distribution is predicted to pro- mote trait divergence across environments (Jeffries and Lawton, 1984; Schluter, 2000) . In this way, natural selection acts on phenotypes. It is often difficult to identify if local phenotypes occur as the result of habitatphenotype matching via dispersal, for example, or local selection (Galligan and Galligan et al., 2012; Sulloway and Kleindorfer, 2013) . The advantage of this study is that the hybrid birds were born into the study area, and hence we can rule out habitat-phenotype matching as the mechanism for the intermediate hybrid phenotype. Once a given phenotype occurs in a particular environment, what is its fitness? There is much debate about relative hybrid fitness (e.g. Arnold and Martin, 2010) , especially for ecological analyses of the novel genetic introgression. Here, we use body condition and time to foraging success as measures of fitness, which we compare for the different foraging domains of the sympatric tree finch groups. If local phenotypes are adapted to their current resource domain, we predict that they will extract resources with greater efficiency (shorter "time to success") and therefore have higher body condition. Animals with higher body condition are expected to have higher survival and more success rearing their young because they can more easily incur the high costs of reproduction (Golet and Irons, 1999; Reid, 1987) . We found no evidence for higher hybrid fitness using these fitness surrogates. The medium tree finch had the fastest foraging time to success, and both parental species had higher body condition when foraging within their species-specific mean foraging height. Adult males of the critically endangered medium tree finches, which are the largest birds in the Floreana tree finch group (see Table 1 ), had higher body condition than small tree finches and hybrids. Since large-bodied animals can competitively exclude smaller individuals from foraging in preferred resource patches (Rowland, 1989; Schoener, 1983) , it is possible that the medium tree finches expanded their foraging into the upper forest because they encountered more insects and more inflorescences from Scalesia trees. Our findings of higher body condition and faster foraging success support this interpretation, but more work needs to be done to quantify the (possible) mechanism of competitive exclusion in sympatry (Abbott et al., 1977; Diamond, 1978; Grant and Grant, 1982) . Data on vertical resource distribution within the study site are needed to more fully understand vertical patterns of resource use.
Hybrid tree finches did not have higher body condition and were not more efficient at extracting resources than their parental species. Perhaps we chose poor measures of fitness indicators (body condition and time to success), which is why we did not detect a pattern in hybrid birds. Other fitness variables could include clutch size, hatching and fledging success, parasite intensity, recruitment, annual survival and population abundance. From previous survey data and population estimates on Floreana Island, we know that the critically endangered medium tree finch population plummeted by 61% from 2004 61% from to 2008 61% from (O'Connor et al., 2010 ) but here we show that this species had the highest body condition. This finding seems counter-intuitive. Nesting success has been very low in medium tree finch, with 0% fledging success since 2012 (Kleindorfer et al., 2014b) . In-nest chick mortality was caused by flesheating larvae of the introduced parasitic fly Philornis downsi (Kleindorfer et al., , 2014b O'Connor et al., 2010b; Dudaniec et al., 2010) . Medium tree finch nests had more P. downsi larvae compared with most other Darwin's finch species (Dudaniec et al., 2007; Kleindorfer et al., 2014b) . Although higher body condition is often linked with fewer parasites or higher survival under conditions of parasitism (Brown et al., 2000; Møller et al., 1998) , this does not directly apply here because the parasite P. downsi consumes the blood of nestling birds and not adults Fessl et al., 2006; Huber, 2008; O'Connor et al., 2014) . Therefore, even if adult small and medium tree finches had better body condition and higher adult survival than the hybrid birds, their numbers could still be declining due to low nesting success. Likewise, even if adult hybrids have lower body condition, population numbers could still increase if they have higher nesting success due to lower parasite infestation. These ideas need to be tested with longitudinal data. Future research on host-parasite dynamics (including hybrid nesting success in relation to parasite infestation) and the ecology of host and P. downsi interactions are needed to better understand possible tradeoffs between signaling environment, foraging environment, and fitness (Endler, 1993 (Endler, , 1992 Endler and Basolo, 1998) .
Phenotypes that are close to the adaptive fitness peak should have higher fitness (Benkman, 2003; Price, 2008; Schluter and Grant, 1984) . We found highest body condition per parental species aligned with their mean foraging height, whereas this was not the case for hybrid birds. Using the logic of local adaptedness to fitness peaks, these findings suggest the possible existence of only two adaptive peaks for foraging -each occupied by one parental species. This reasoning could help to explain the local extinction of the large tree finch C. psittacula (Kleindorfer et al., 2014a) if its foraging niche was destroyed due to human impacts, for example. In the case of contemporary hybrid fitness when both parental species occupy the adaptive fitness peaks, selection should not favor the intermediate phenotype of the hybrid birds and consequently the intermediatesized hybrids might not persist for long.
Rainfall has a significant influence on resource availability and distribution (Grant and Grant, 1980) , which influences foraging behavior. A study on ground finches (Geospiza spp.) showed that during years with higher rainfall, the different ground finch species largely overlapped in diets, while during years with lower rainfall (when food was less abundant), each species had a more specific "private" diet (De León et al., 2014) . In our study period, we classified the years 2005 and 2006 as 'dry years ' and 2010, 2012 and 2013 as 'wet years'. Therefore, our findings of foraging differences across time periods could reflect the underlying effect of rainfall. However our findings were opposite to those of Grant and Grant (2014) and De León et al. (2014): we found foraging overlap during the low rainfall years (2005) (2006) and foraging differences during the high rainfall years (2010) (2011) (2012) (2013) in small tree finch and medium tree finch but did not observe changes in the hybrid birds.
The outcomes of this study are relevant to conservation biology for several reasons. First, there is widespread debate about the conservation value of hybrids if they dilute evolutionary significant units but generate biodiversity through genetic introgression and hybrid speciation (Allendorf et al., 2001; Barton, 2001; Fitzpatrick and Bradley Shaffer, 2007; Mallet, 2005; Soltis and Gitzendanner, 1999) . Second, little is known about the ecology of hybridization events, which hampers conservation management of such processes. More is known about the ecology of extant hybrid zones (Price, 2008) . Third, there is growing evidence that anthropogenic influences may increase hybridization rates through the introduction of competitor species, pathogens, and increasing habitat destruction and fragmentation (Allendorf et al., 2001; Seehausen et al., 2008) . Therefore, understanding ecological resource use of hybrids in changing environments will generate insights into biological responses to a range of human-induced impacts. The forest on which Darwin's tree finches depend is highly threatened. On Santa Cruz Island, only 1% of the Scalesia forest remains; it has been virtually cleared from San Cristobal and Isabela Islands (Watson et al., 2010) . Floreana Island harbors the last significant remnant of endemic Scalesia forest supporting the observed increase in tree finch hybridization over the past years. The remnant Scalesia is vulnerable to introduced plant and pest species (Watson et al., 2010) . Besides habitat destruction and fragmentation, other significant threats for Darwin's tree finches include the spread of introduced species like P. downsi (Causton et al., 2006) and avian poxvirus Zylberberg et al., 2012) . Our study shows that Darwin's tree finches use the entire vertical range of Scalesia forest (Kleindorfer, 2007; Kleindorfer and Dudaniec, 2009) , and clearly, drastic efforts are needed to protect this vulnerable habitat.
The novelty of this study is the observation of sympatric habitat use in first generation hybrids and their two parental species. Despite a change in hybrid phenotype across the years, we did not find any evidence for different vertical habitat use by hybrid birds. We observed changes in the foraging behavior of both parental species as well as higher fitness in relation to their species-specific mean foraging height. These findings could support the idea of two adaptive fitness peaks each occupied by one parental species.
Even though we did not find evidence for contemporary hybrid fitness exceeding parental fitness (using our crude measures of body condition and time to foraging success), the emergence of the hybrid birds raises several conservation issues linked to fitness. Given the rapid population decline of the critically endangered medium tree finch, the hybrid birds could a) serve as a valuable genetic reservoir for the species, and b) replace the ecological role of the declining medium tree finch. Study is required to identify the risk of one or both of the parental species being swamped into a hybrid swarm.
